The preservation of electrolyte homeostasis and thus water balance is vital to our functioning. No idea could be thought, no muscle moved without the proper balance of salts within our body. It is the responsibility of mainly the kidneys to maintain this vital 'milieu interieur'. The primary urine is formed by the glomerular fi ltrate. Because of their small size, salts fall through the glomerular fi lter and thus need to be reabsorbed in the renal tubule. The amount to be reabsorbed is quite staggering: assuming a glomerular fi ltration rate of 100 ml/min and a serum sodium concentration of 140 mmol/l, an averaged-sized person fi lters about 20 mol/l of sodium per day, equivalent to the amount in 1.2 kg of cooking salt. Under physiological conditions, renal tubules are capable of reabsorbing 99% of fi ltered sodium and water. Without the kidneys sophisticated ability to preserve salt (and water), human life would not exist. This enormous task is accomplished by a combination of distinct and sequentially oriented sodium or sodium-coupled transport systems along the nephron and the concerted and parallel action of some of these systems within the kidney. The active reabsorption of sodium generates the driving force for the passive reabsorption of water.
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Genetic or acquired defects in any of these transport systems, which are quite specifi c and unique for individ-p74 ual nephron segments, lead to distinct salt-losing nephropathies ( fi g. 1 ). Independently, extrarenal morbidity in salt-losing nephropathies can be caused by either the failure of other ions or compounds of biological importance to be reabsorbed (e.g. phosphate in renal Fanconi syndrome leading to rickets) or the sharing of transporter proteins in different organ systems (e.g. defect in a chloride channel subunit in Bartter syndrome type IV leading to deafness).
Here we will consider the different renal genetic disorders affecting salt (sodium chloride) reabsorption and describe what has recently been learned about them.
Proximal Tubule

Physiology and Pathophysiology: Renal Fanconi Syndromes
The proximal tubule (PT) is the part of the nephron where the most diverse action with respect to reabsorption (as well as secretion) takes place ( fi g. 2 ). A complete failure has therefore a variety of consequences, amongst which are aminoaciduria, phosphaturia, glucosuria, proximal tubular acidosis, proteinuria and polyuria. Clinical signifi cance is most prominent for phosphaturia, which leads to growth disorders in early childhood and osteomalacia in adults. The bulk of sodium within the kidney and also within the proximal tubule is reabsorbed by means of NHE3 , an electroneutral sodium proton exchanger.
Genetic causes for primary and isolated renal Fanconi syndromes have not been defi ned yet and, as a result, even nowadays our knowledge about the physiology of the PT is somewhat limited. Interestingly, two different forms of primary autosomal-dominant Fanconi syndrome exist, one with and one without subsequent glomerular kidney failure in adulthood [1, 2] . Most commonly, a renal Fanconi syndrome occurs secondary to cystinosis, a lysosomal cystine storage disorder. Consequently, in any child presenting with signs or symptoms of Fanconi syndrome, cystinosis has biochemically to be excluded. Partially or full-blown Fanconi syndromes can occur together with several other genetic disorders, e.g. galactosemia, tyrosinemia type I, fructose intolerance, Wilson disease, Fanconi-Bickel syndrome, Lowe syndrome, Dent's disease, ARC syndrome, certain glycogen storage and some mitochondrial disorders. In general, features of the underlying disorder dominate the clinical picture and can make the diagnosis. In contrast, cystinosis initially presents with renal Fanconi syndrome only.
Fanconi syndromes can also occur due to certain intoxications or as side effects of drug treatment, e.g. cadmium, lead, mercury, uranium, glue sniffi ng, ifosfamide, valproate, gentamicin, fumaric acid, L -lysine, suramine, and outdated tetracyclines. It can also been seen in dysproteinemias, e.g. multiple myeloma.
Treatment
No specifi c treatment for any of the renal Fanconi syndromes exists. Excessive urinary losses need to be replaced orally to counterbalance fl uid, bicarbonate and phosphate defi cits. Secondary forms can benefi t from specifi c treatment for the underlying cause, e.g. in cystinosis treatment with cysteamine. Some renal Fanconi syndromes can be abolished by suffi cient treatment of the underlying metabolic defect, e.g. galactosemia or tyrosinemia type I. Removing offending drugs can also lead to a reversal of this particular form of tubular nephrotoxicity.
Thick Ascending Limb
Physiology and Pathophysiology: Bartter Syndromes
The thick ascending limb (TAL) is a major part of the nephron's urine concentration machinery due to its water impermeability and unique sodium chloride reabsorption abilities. Failures here lead inevitably to signifi cant polyuria with all its consequences, especially in infancy and even in utero (polyhydramnios). An electroneutral bumetanide-sensitive (BSC) Na-2Cl-K cotransporter (NKCC2), encoded by SLC12A1 , aided by several other proteins is the key element for active transepithelial salt transport in this nephron segment ( fi g. 3 ).
Transepithelial transport of sodium chloride in the TAL requires the presence and function of at least 5 gene products. On the luminal membrane, NKCC2 uses the chemical gradient for sodium generated by the basolateral localized sodium potassium ATPase (NaK-ATPase) for the uptake of sodium, chloride and potassium. Furosemide can block this transporter. Potassium has to be recirculated through ROMK into the urine, otherwise it would become the rate-limiting step for reabsorption of sodium chloride. On the basolateral side, sodium exits via the NaK-ATPase, while chloride can exit through at least two chloride channel proteins, predominantly CLCNKB, and, to a lesser degree, CLCNKA . Both of these chloride channels require Barttin as subunit to be present for proper function. Mutations in SLC12A1 , ROMK1, CLCNKB , and BSDN (Barttin) cause autosomal-recessive Bartter syndromes types I, II, III and IV, respectively [3, 4] . Since macula densa cells are derived from the TAL, mutational effects are present here as well. This can lead to an ineffective tubular glomerular feedback (TGF) mechanism, explaining partially the signifi cant disease phenotype in Bartter syndromes. In contrast, Gitelman syndrome is a 'post' macula densa tubular disorder, where the TGF mechanism is undisturbed. Mutations in an extracellular basolateral calcium sensing receptor ( CASR ) can cause a dominant Bartter syndrome like picture, but these patients predominant symptoms are hypocalcemic hypercalciuria by which they can be discriminated from Bartter syndrome patients [3, 5] . Besides CASR , WNK proteins can modulate the activity of luminal transporter proteins in the TAL. WNK3, predominantly expressed at intercellular junctions, was shown to regulate the activity of NKCC2 by altering the expression at the plasma membrane [6] .
Patients with Bartter syndromes become clinically apparent already during pregnancy with polyhydramnios (in contrast to diabetes insipidus), or later, in infancy or Sodium is reabsorbed electroneutrally via NKCC2 (defect in Bartter type I), together with one potassium and two chloride ions. The transporter can only function with all 4 ions bound and due to its luminal concentration, potassium binding becomes the rate-limiting step. Therefore, potassium is recycled through the potassium channel ROMK1 (defect in Bartter type II) to ensure an adequate luminal supply of potassium. This also leads to a relative excess of positive charges in the tubular lumen, providing the driving force for paracellular absorption of calcium and magnesium. Sodium can then exit the cell on the basolateral (blood side) via the NaKATPase, while chloride exits through the chloride channels CLCNKB (defect in Bartter type 3) and CLCNKA ; both require Barttin (defect in Bartter type 4) for proper membrane localization. WNK3 and a basolateral extracellular calcium sensor regulate NKCC2 activity. NKCC2 can be inhibited by furosemide.
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Nephron Physiol 2006;104:p73-p80 p76 early childhood with signifi cant polyuria and dehydration. Blood pressures are low normal. Because salt reabsorption in TAL constitutes an important part of the urinary dilution/concentration mechanism, patients with Bartter syndromes type I, II, and IV typically have isosthenuria or even hyposthenuria. The recycling of potassium across the apical membrane of the TAL cell establishes a transepithelial voltage gradient that drives the paracellular absorption of calcium and magnesium ( fi g. 3 ). Consequently, Bartter syndromes types I and II are accompanied by hypermagnesiuria and hypercalciuria leading to nephrocalcinosis; types III and IV in general do not show nephrocalcinosis. Chronically, hypokalemia and metabolic alkalosis can be noted due to the compensatory hyperreninemic hyperaldosteronism. Bartter syndrome type II uniquely presents with signifi cant initial neonatal hyperkalemia, which gradually changes to hypokalemia, as ROMK is involved in distal potassium excretion. Later, other potassium channels or transporters can apparently compensate and the patients become hypokalemic. Bartter syndrome type IV presents with sensorineural deafness, which is diagnostic for this type. Usually, Bartter syndrome type III has the mildest course of all Bartter syndrome types, presumably due to the preserved CLCNKA chloride permeability in the TAL. Bartter syndrome type III can also present with signs and symptoms overlapping Bartter and Gitelman syndrome, which is not surprising, considering that this channel is also expressed in DCT ( fi g. 4 ). A combined knockout of CLCNKB and CLCNKA leads to a severe form of Bartter syndrome similar to Bartter syndrome type IV [7] . Prostaglandins (e.g. PGE2) are elevated in Bartter syndromes, especially in infancy, and their measurement in the urine can be helpful for diagnosis and treatment. Elevated prostaglandins itself give rise to polyuria, fever, gastrointestinal side effects and need to be addressed pharmacologically (e.g. indomethacin, ibuprofen, COX-2 inhibitors).
Treatment
Patients with Bartter syndromes face several diffi culties for treatment. Signifi cant fl uid and sodium chloride losses need to be replaced, which is the more diffi cult the younger the patient is. Furthermore, chronic and significant hypokalemia poses a challenge for oral potassium replacement therapy. Elevated prostaglandins can induce a vicious cycle for water reabsorption. Since these prostaglandins are principally derived through the action of cyclooxygenase-2 (COX-2), selective and nonselective cyclooxygenase inhibitors can be used for treatment, e.g. celecoxib, ibuprofen, or indomethacin [8] . It is not clear which of these drugs are most benefi cial. Often, the use of a certain drug is mandated by the occurrence of side effects of another drug, e.g. gastrointestinal bleeding/ stomach perforation after indomethacin. Not all patients with Bartter syndromes show elevated urinary prostaglandins, especially patients with the mildest form of type III. Other polyuric tubular disorders can also show elevated prostaglandins. However, the measurements of urinary prostaglandins (PGE2) can aid in diagnosis and treatment. Under no circumstances should treatment with thiazides be instituted for hypercalciuria/nephrocalcinosis in these patients since the additional blockade of salt reabsorption in DCT deprives the kidney of an important compensatory mechanism with potentially disastrous consequences. The development of nephrocalcinosis can compromise glomerular function in adult patients and poses a severe problem. Chronic hypokalemia can be addressed pharmacologically with either amiloride or aldosterone antagonists acting in the CCD, but again, these agents impair an important compensatory mechanisms for sodium reabsorption and severe dehydration as a consequence of such a treatment can occur, especially in young children. Patients are encouraged in a high-salt diet, but, in fact, typically have an enormous salt appetite. Moreover, caution is needed for any treatment that promotes rather rapid shifting of extracellular potassium in- tracellularly, e.g. inhalative betasympathikomimetika for the treatment of asthma. Some patients with Bartter syndromes show hypomagnesaemia necessitating oral magnesium replacement therapy.
Distal Convoluted Tubule
Physiology and Pathophysiology: Gitelman Syndrome (GS)
The distal convoluted tubule (DCT) has an impact on the reabsorption of several ions, most importantly sodium, calcium and magnesium. Sodium reabsorption in the DCT is mediated by the thiazide-sensitive (TSC) NaCl cotransporter (NCC), encoded by SLC12A3 ( fi g. 4 ) . Recently, it has been shown that this transporter is regulated through a cascade of two serine threonine kinases, the WNK-kinases WNK1 and WNK4 [9] [10] [11] . WNK4 inhibits the transporter, while itself being inhibited by WNK1. Therefore, gain-of-function mutations in WNK1 and loss-of-function mutations in WNK4 lead to excessive NCC-mediated salt-reabsorption with the clinical picture of Pseudohypoaldosteronism type 2 (familial hyperkalaemic hypertension (FHH), Gordon syndrome). These patients suffer from hypertension associated with hyperkalaemia and metabolic acidosis.
Interestingly, while WNK1 is located in the cytoplasm, WNK4 localizes to the tight junctions and has been shown to also regulate paracellular chloride fl ux and the potassium channel ROMK1 in the collecting duct. It therefore appears that these WNK proteins integrate different epithelial transport pathways to maintain volume and electrolyte homeostasis. Furthermore, WNK3, predominantly expressed at intercellular junctions, was shown to regulate the activity of NCC by altering the expression at the plasma membrane [6] .
Impairment of salt re-absorption in the DCT leads to the clinical picture of GS. Patients with GS have decreased salt reabsorption in the DCT caused by mutations in SLC12A3 and their clinical symptoms and laboratory fi ndings are best compared with the chronic effects of thiazide diuretics [3] . They typically have low-normal blood pressure and secondary hyperaldosteronism with hypokalemic metabolic alkalosis. In addition, characteristically they have diagnostic hypocalciuria and hypermagnesiuria with subsequent low serum magnesium levels. Interestingly, bone density in these patients increases with age and calcifi cations in the retina and in cartilage can occur. In contrast to patients with Bartter syndromes, patients with GS typically are diagnosed in late childhood or adulthood with problems such as weakness, tetany or seizures. In other cases, symptoms may be milder and the diagnosis is only made based upon a routine blood test in an asymptomatic patient.
Hypocalciuria and hypermagnesiuria are classical features of GS and their association with inhibition of salt reabsorption in the DCT has long been recognized. In fact, it is used therapeutically in some renal stone patients to minimize urinary calcium excretion. The mechanism underlying this observation however, has been unclear. Recently, some light has been shed on this phenomenon. Through elegant studies using murine knockout models, it was shown that the decrease in calcium excretion is not due to enhanced distal, but rather increased proximal calcium reabsorption where calcium fl ux parallels sodium reabsorption [12] . Thus, the hypocalciuria is an indirect effect of the NCC-mediated volume depletion. Unfortunately, the molecular pathway for paracellular calcium transport in PT has not been identifi ed yet, and therefore it remains to be shown that inhibition of that pathway would indeed abolish the hypocalciuric effect of NCC inhibition.
The observed hypermagnesiuria is still poorly understood. NCC knockout mice studies and mice treated with thiazides showed decreased expression of the epithelial magnesium channel TRPM6 [12] . This channel mediates the entry step for magnesium from the tubular lumen into the DCT cell. The mechanism, however, for the downregulation of TRPM6 is unknown.
Treatment
Despite the molecular identifi cation of the defect in GS, no specifi c therapy is available and thus, treatment is largely symptomatic. Many patients show no signs or symptoms. Patients are encouraged in a high-salt diet, but, in fact, typically have a craving for salt. Supplementations of potassium and magnesium are usually needed. GS patients should not be treated with furosemide since this would represent a drug-induced knockout of the TAL together with a genetic knockout of the DCT.
Cortical Collecting Duct
Physiology and Pathophysiology: Pseudohypoaldosteronism Type I (PHA-1) and Congenital Adrenal Hyperplasia (CAH)
At the end of the nephron, the cortical collecting duct (CCD) has the critical role to fi ne-tune the reabsorption of sodium. Aldosterone in response to renin and angio-p78 tensin governs the overall expression of critical proteins for this purpose. In addition, the CCD has the critical role of being able to secrete potassium and protons. Furthermore, ADH-regulated water reabsorption aims at maintaining euvolumia. Clinical syndromes with impaired salt reabsorption in the CCD include PHA-1 and CAH. For the purposes of this review, we will only concentrate on the salt wasting aspect of clinical symptoms. Patients with these disorders have an impaired ability to reabsorb salt in the CCD either because of defective mineralocorticoid synthesis, signaling or because of defects in the amiloride sensitive epithelial sodium channel (ENaC) [3, 13, 14] ( fi g. 5 ). Consequently, these patients excrete excessive amounts of sodium in their urine associated with hyperkalaemia and metabolic acidosis. Patients typically manifest during infancy with failure-to-thrive, vomiting and dehydration. In some patients, there is also a history of polyhydramnion due to fetal salt wasting. Patients become particularly ill with intercurrent illnesses, due to their inability to maintain adequate blood pressure.
Mutations in the mineralocorticoid receptor (MRCR) are inherited in an autosomal-dominant fashion and affected patients exhibit typically more mild symptoms. Conversely, mutations in ENaC subunits are inherited in an autosomal-recessive fashion and patients are more severely affected. Because of the expression of ENaC in multiple tissues, they also exhibit marked increased salt content in sweat and saliva and have impaired rectal sodium transport. Consequently, their symptoms can overlap with cystic fi brosis.
Sodium is reabsorbed in the collecting duct via ENaC, expressed on principal cells. Expression of ENaC is under the control of mineralocorticoids, via the MRCR, but also through vasopressin via the vasopressin receptor (VPR) and subsequent production of cyclic AMP (cAMP). Recent evidence suggests an important role for the serum and glucocorticoid-induced kinase (SGK1) in the regulation of ENaC-mediated sodium fl ux [15] . Aldosterone increases transcription of the genes encoding SGK1, as well as of the ENaC subunits. Indeed, mice with homozygous deletion of the gene SGK1 have an impaired ability to retain sodium under a sodium-restricted diet [16] . ENaC is mainly regulated through traffi cking of the channel. All ENaC subunits exhibit an amino acid motif in their Cterminal end, called PY-motif, serving as a binding site for a protein called Nedd4-2, which targets ENaC for degradation. In the clinical disorder of Liddle syndrome, this PY motif is disrupted, inhibiting retrieval of ENaC form the plasma membrane and therefore leading to uncontrolled, excessive sodium reabsorption and hypertension. Nedd4-2 is therefore a convergence point for ENaC regulation: both aldosterone, as well as vasopressin induces phosphorylation of Nedd4-2, blocking its binding to ENaC.
Reabsorption of sodium in CCD creates the driving force for excretion of potassium and protons, explaining the hyperkalemic metabolic acidosis observed in affected patients.
Treatment
Salt-losing variants of CAH are due to the adrenal's inability to produce suffi cient amounts of mineralocorticoids. Treatment for CAH consists initially mainly of replacement therapy for aldosterone and glucocorticoids.
Treatment of PHA-1 is again symptomatic: patients take salt supplements and typically have a potassium-restricted diet. With intercurrent illnesses, especially vomiting or diarrhea, they often need hospitalization and intravenous replacements of salts and fl uid. As with almost all disorders impairing renal sodium reabsorption, symptoms are most severe during the fi rst 1-2 years of life and improve with age. The reasons for this improvement is not clear, but may include a better ability to regulate salt intake (salt appetite) or the maturation or enhanced expression of compensatory mechanisms for tubular salt reabsorption. Certainly, growth favors a less critical water balance. 
